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Thls is a comprehensive review of mechanical cons1derat10ns in the
structural use of fibre composite materials, based on 794 references to the
literature, with the emphasis on the aerospace application of resin matrix

materials with fibres of carbon, glass, boron and kevlar.

The report first discusses data on mechanical properties: static strength
of plain, notched and jointed material and the influence of impact damage,
enviromment and creep; fatigue behaviour under constant amplitude and flight by
flight loading, the influence of environment and the effect of load cycling on

deformation; residual strength following load cycling and impact. It then — . w.?'
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2
‘presents physical observations of damage development in different structural

situations, and available methods of damage detection and measurement,

Then follows discussion of the application of fracture mechanics to damage
growth and residual strength; methods of stress analysis for loading and environ-
ment and prediction of failure; structural design procedures for static and
fatigue strength; and inspection methods for ensuring quality in production and
safety in service. A section is included on test techniques and methods for
determining mechanical behaviour of coupons, components and structures, and a

section on the absorption of moisture and its effect on mechanical properties.

Finally the report surveys the field of structural applications which
exploit composite properties, discusses economic factors and construction method-

ology, and makes recommendations on the further development of fibres and matrices

and on future research.
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PREFACE

Fibre composite materials, for some time used only in secondary components,
are being used to an increasing extent in primary structures. It therefore
became increasingly necessary to create design data inter alia in the field of
the strength properties of these modern materials, to derive computation methods,

examine inspection procedures and try out new types of test methods.

For this reason an increasing amount of research has been carried out in
the above fields, especially in the US aerospace industry. In order to counter-
act redundancies in this area of research and to provide users of fibre compo-
sites with a survey of useable data for the design of components, a mass of
published research reports and other literature has been evaluated, commissioned
by the Research Sub-department of the Federal Defence Ministry. The information
thus gained on the mechanical behaviour of fibre composites and examples on
completed fibre composite structures to assist implementation of projected
applications are presented in sections 1 to 12. In conclusion future worthwhile
research projects are suggested., The prominence of the US in the field of fibre
composites means that most of the results are taken from the American literature,
the main emphasis being in the area of aircraft construction, A complete list of

the references is given in section [3.

The following reports contain additional information on the state of

technology of fibre composites:

Title (subject of report) Report
- Glass fibre reinforced plastics BMVg~FBWT 73-17
- Fibre reinforced composites BWDoK Special Issue No.49

October 1977

- Composite materials for engines AGARD-CP-112, Ref 2

- Joints and cut-outs in fibre See Ref 414 (Appendix VII) |
composite construction in section 13

- Design criteria for the use of Handbook: Fibre composite
fibre reinforced materials light construction

These take account of numerous research reports by German companies and

.1

institutes, pDeadline for conelusion of literature search was 31 December 1978.
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NOTE: 1In order to facilitate the location of test results yielded by the

' references in section 13 on the mechanical properties of specific fibre composites
in special parameter combinations, the related source data are catalogued
Evaluation of the literature for this Appendix on

accordingly in an Appendix*,
The remaining

data of mechanical properties was carried out up to Ref 650.

references to 794 were only used as additional information for discussion of the

present state of knowledge in sections 1 to 12,

—

* The Appendix is not included in the present translation but is available (in
German) as LBF Report TB-145, Vol 2,
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1 MECHANICAL PROPERTIES UNDER STATIC LOADING

J.J. Gerharz
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1.1 Preface

The following discussion is based on evaluation of extensive relevant
literature which is contained in section 13. The mechanical properties of fibre
composites under static load are described and some of the essential differences
compared with the metallic materials customarily used in aircraft construction
are pointed out. The multiplicity of parameter combinations does not permit
entering into details of the more complicated physical processes; the reference

contained in the text should be consulted in this respect.

1.2 Fundamental investigations

1.2,1 Stress~strain behaviour

In fibre composite materials a distinction must be made - in a similar
manner to metals - between brittle and ductile fracture behaviour, even though

the causes are different.

- Ductile behaviour

The area of deformation (along Hooke's line ¢ = Ee ) in which
strains are proportional to the imprinted external loads is traceable only

to a limited extent or not at all.

- Brittle behaviour

The behaviour of the material is almost purely elastic up to immedi-

ately before fracture, breaking elongation is generally slight.

These two modes of behaviour must be regarded as border-line cases, in
general smooth transitions are observed., A material known as ductile can also

become brittle under certain conditions (effect of extreme temperatures, chemical

agents, etc)., In metallic materials this is chiefly determined by the structure
of the atomic grid and the matrix structure. In fibre composite materials there
are additional limiting quantities which result from their stratified structure
(composite, laminate) and the interaction of basic material (matrix) and the

fibres embedded therein. In this respect a distinction must be made between two

typical modes of behaviour79’]05’19]’4]4_

- Fibre-dominant behaviour*

This term is used when, as a consequence of structure and orientation

of the embedded fibres and type of stressing, the load is borne

* Hereafter briefly 'fibre-dominant composite' and 'matrix-dominant composite'
by which the behaviour of the composite is to be understood under the
conditions stated.
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predominantly by the fibres in the composition and the fibre material thus

determines the mechanical behaviour of the composite,

- Matrix—-dominant behaviour#*

This term is used when, as a consequence of structure and orientation
of the embedded fibres and type of stressing, the load is borne pre
dominantly by the matrix in the composition and the matrix material thus

determines the mechanical behaviour of the composite.

A relevant example: A composite symmetrical to the median plane (Index S)
in whose individual layers the embedded fibres are arranged in sequence at an
angle of 0° / +45° 7 =45°/ / -45° 7 +45° / 0°, in brief a [0/245] _ composite,
proves to be fibre-dominant under loading in the direction of the 0° layers,

Fig 1.1, but matrix—dominant under transverse loading (900), Fig 1.2. The
differences in these two modes of behaviour become even clearer on comparing 0°
and 90° composites with +45° composites which are stressed in the 0° direction,
Fig 1.3 to 1.5. The non-linear relationship between stress and strain in

Figs 1.6 and 1.7 points to a matrix—-dominant composite.

In most applications the structure of a fibre composite will be selected
in such a way that it can be classified as fibre-dominant in the principal load-
ing direction; it will therefore exhibit largely linear stress-strain behaviour
and low. breaking strain., Fig 1.8 shows the difference in stress-strain behaviour
between a [O/i45/90]s composite and metals, It can be seen that for instance
breaking strain of Al alloy can be 5-10 times greater than a carbon fibre

reinforced composite (CFC), see Ref 414,

At the edge of the hole in notched specimens of [0/t45]S composite

approximately 1.5 times greater fracture elongations were observed on average in

Refs 117, 252, 414, than in plain specimens, This is contradicted by the practi-
cally linear relationship between stress and strain in Fig 1.9 which would really
lead one to expect brittle behaviour with little fracture elongation. The
reasons must presumably be sought in a statistical scale effect and/or the fact

that measurements were made on the matrix material and not the fibre strands.

As a rule the stress-strain behaviour of fibre composites is the same in
the tension and compression area (with signs reversed). Differing from this

Refs 23, 191, 486 and 719, observe that in fibre-dominant composites the tangent

* Hereafter briefly 'fibre-dominant composite’ and 'matrix-dominant composite' by
which the behaviour of the composite is to be understood under the conditions
stated.




modulus (slope of the oe 1line) is load-dependent: it rises with increasing

tensile load (the stress-strain curve deviates increasingly in the tensile area

from the elastic straight line in an upward direction); in the compression area

the stress-strain curve runs its usual course,

Refs 23 and 719 demonstrated that this behaviour is caused by corrugation
and non-alignment of the embedded fibres, With worsening alignment of the
fibres strength also decreases while transverse contraction increases7]9. Static
trials with unidirectional Kevlar composites313 produced linear stress-strain
behaviour in the tensile area but non-linear behaviour in the compressive area.
Compressive strength here is only approximately 1/5 of tensile strength. In
contrast, in composites with embedded carbon fibres (CFC), boron fibres (BFC) or
glass fibres (GFC) compressive strengths in the direction of the fibres virtually 4
do not differ in volume from tensile strengths. However, across the fibre grain

tensile strength is less than compressive strength25’2]8.

1.2.2 Special features of notched bars

Fibre-bearing composites react differently from metals to stress concentra-
tions caused by notches (holes, recesses, etc). This is due to the fact that
tough metals (eg Al alloys 2024 - T3 and 7075 - T6) can compensate “or
inhomogeneous stress distribution by local plastic deformation and reduce stress
peaks whereas most fibre composites are, as already mentioned, fibre-dominan%
and because of their accompanying brittle behaviour are not capable of doing so.
It follows that higher notch sensitivity must be expected in a fibre composite
than, for example, in Al alloys (this does not necessarily apply to repeated
loading). Consequently the reduction in static strength (related to the nett
cross section) due to the notch effect will be noticeably greater in a fibre
composite than in light alloys. In addition the strength of fibre composites
is more likely to depend on the hole diameter than on the ratio hole diameter/

44,96,253,414,622,634

specimen width » Fig 1,10. The effect of the hole diameter

on the strength of fibre composites is satisfactorily described by stress-—

fracture criteria of Whitney and NuismerSgl’620’622’634’763’766’ and

Waddoups et al622’770.

The stress gradient in the neighbourhood of notches can be arithmetically

determined only by the use of extensive calculations (see section 6). These

produce greater stress concentration factors for fibre composites than for iso- S
tropic metals. On the other hand the ratio of unnotched/notched strength L

. . . . . o
established experimentally on fibre composites is lower than the computed stress w

concentration factors.
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The parameters fibre material and laminate structure have a noticeable

effect on the drop in strength of notched specimens according to Ref 252, This

shows that the drop in strength in [0/145/0/90]s composites (BFC and CFC) is

approximately 12-257 greater than in GFC for specimens of the same dimensions,

Strain measurements at the edge of the hole resulted in:

CFC : Largely elastic (linear) stress-strain behaviour up to almost 1007

breaking load, see Fig 1.,l1la,

Largely elastic stress—strain behaviour up to approximately 407

breaking load, see Fig Il.11b,

Plastic strains can be detected even on slight loading, see

Fig 1.llc.

Stress~strain behaviour is dependent on the structure and anisotropy of the
composite, see Figs 1.1 and 1.2, and provides a reference point for notch
sensitivity. Reduction in strength as a consequence of notch effect is greater
in fibre-dominant composites with linear stress-strain behaviour than in matrix-
dominant composites with non-linear behaviour; the amount of reduction grows
with increasing anisotropy of the composite and reaches its maximum in the

. . . s . .. 252 .

extreme anisotropic unidirectional composite , Fig 1,12,

The behaviour of notched specimens of fibre composite can be improved by

. . .. 343,377,420 63

laminating on additional layers . Tests on CFC ~ have shown that the
breaking load of notched bars could be increased by reinforcement in the area of
the hole to 937 of the breaking load in the unnotched condition. It is also
important in this connection whether the embedded fibre strands are severed in
drilling or pushed aside by reaming before impregnation and curing of the compo-

site, as shown by an investigation of GFCazO.

The voids in the matrix arising from defects in the manufacture of compo-
sites affect the tensile strength at right angles to the fibre direction as well
as torsional strength of uni-directional compositesl66’]74’l76. Transverse
tensile strength drops with increasing proportion of voids]76, Fig 1.13, It was
found in an investigation of prismatic specimen bars with fibre direction paral-
lel to the bar axis166 that torsional strength of void free specimens can be 157

greater than those affected by voids.

1.2,3 Special features of joints

The development of component joints with optimum load transfer is of great

importance for the quality of practical structures. Various types of joints with




load transfer for low weight and their simplified reproduction in the form of

specimen bars are shown in Fig 1.14. It is more difficult to achieve optimum
design in joints with fasteners such as bolts and rivets in fibre composite
materials than in isotropic materials because of their relatively low shear and
tensile strength at right angles to the plate plane. Bonded joints are preferred
due to their more uniform load transmission for joining fibre composite compo-~
nents, but even here concentration of shear stresses at the overlapping ends must
be kept low because of the relatively low shear strength of fibre composite
materials. Adhesives with high flexibility are suitable, The most important
parameters which (apart from environmental influences) affect static strength
according to investigations so far availab1e23’29’46’152’16]’521’549’652’653’657
are:

- Rigidity of adhesive23’29’]52’52l
29,521,652

(shear and tension modulus)

- Length of overlap

23,521,549’ and

- Fibre alignment of layers at the joint face

. . . 23
- Joint configuration ~,

In mechanical joints by means of bolts or rivets the tensile strength of
the nett cross-section in the rivet line lies below the tensile strength of the
undisturbed cross-section in the case of fibre composites in contrast to metals,
and must therefore be taken into account in addition to bearing and shear
strength which are also critical in metals. Tests on joints in which the bolt

transmits the entire load (1007% load transfer)545’547

show that the tensile

strength of the nett cross—section depends greatly on the orientation of the
layers, the hole diameter and the width of flange per bolt, Composites of o°®
and +45° layers (abbreviation Oo, +45° composites) generally produce the best

results,

The percentage combination of 0° and #45° layers can be varied over a
relatively wide range without the tensile strength changing noticeably, see
Fig 1.15. The effect of flange width and bolt diameter is greatest in 00, 90°
composites and smallest in +45° composites, In 00, +45° composites there is for
all bolt diameters examined a largely linear relationship between specimen width

and the effective stress concentration factor a which describes the ratio

k, eff
of tensile strength of the unnotched bar and the tensile strength of the
joint®*?*2%€ Fig 1.16. As shown by investigations in Refs 44, 222, 545 and 546,

the bearing strength of a fibre composite dépends in the main on the following

parameters:

1

A= T
s
——y
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- lateral resistance to deformation through the clamping force of the bolt,

- orientation of fibres,

- proportionate composition of 0° layers and angular layers,
- laminate stacking sequence,

- thickness of laminate (number of layers).

In GFC and CFC bearing strength is increased by inhibiting deformation
through the thickness at the edge of the h01e548. This effect is further
increased if pressure is exerted by the clamping force of the bolt on the layers
of the composite at the edge of the hole. Bearing strength rises with Increas-
ing clamping force, see Fig 1.17. At the same time the dependence of bearing
strength on the bolt diameter which is observed in unclamped specimens
disappears; the orientation of the layers too loses effect under the influence

of clamping force.

According to Ref 545, 00, +45°% and 00, +60° composites exhibit higher bear-
ing strength than +45° and Oo, 90° composites, If 0° layers are added to a +45°
composite so that their proportion is around 607%, bearing strength rises, eg in a
CFC from 830-930 N/mmz. If the proportion of 0o° layers is raised to more than
607 bearing strength drops again. A 60% proportion of 0° layers also represents
a critical value in regard to failure of the specimen: with &« lower proportion
of 0° layers the fibres severed during drilling give way at the edge of the hole
and failure takes place due to increasing expansion of the hole; with a higher
proportion of 0° layers failure occurs through the specimen splitting in a
longitudinal direction, the bolt acting as a wedgesas. In laminate structure a
tendency can be recognised for composites with a more homogeneous structure to
exhibit higher bearing strength, For joints without short transverse support
the thickness of the laminate has a considerable effect. Tests carried out in
Ref 545 show that bearing strength drops sharply if the ratio of hole diameter/

thickness of laminate increases, see Fig 1.18.

Resistance to shearing, as expected, depends primarily on the orientation
of the layers of the composite. This is shown by results from relevant tests in
Ref 545 on Oo, 90°, on 1450, 00, +60° and on 00, +45° CFC, see Figs 1.15 and
1.19. Fig 1.20 contains a comparison of tensile strengths, bearing strengths
and shearing strengths for 00, +45° CFC (HT)* with 1/3 proportion of 0° layers

as against an Al alloy and a steel. 1In these tests load transfer was 100%.

* HT - high tensile strength fibre.
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1.2.4 Behaviour under impact loading

Despite their brittle behaviour modern fibre composite materials must in
many applications be able to withstand the impact of foreign bodies and absorb
deformation energy. Since 1972, therefore, the behaviour of CFC and BFC under
impact loading has been examined to an increasing extent644. Charpy and Izod
tests were those most frequently carried out with to a lesser extent falling
weight, bending or tensile testsS9,60,100,146,556,642,644,721' It was found that

energy absorption capacity of fibre composites is not affected by notches
(eg Ref 644).

In the Charpy and Izod tests (pendulum impact tester) the maximum percus-—
sive power and energy absorption before and after the occurrence of the maximum
percussive power are measured with suitable instrumentationloo (in fibre compo-
sites - in contrast to metals - percussive power reaches its maximum value before
specimen fracture), Charpy and Izod specimens experience a three~point bending
stress on impact of the hammer which produces both tensile and compressive normal
stresses in the specimen as well as shearing stresses. In standard specimens
(because they are relatively thick at 10 mm) shearing stresses lead to fracture,
as recognised by delamination of the specimens in Ref 721, 1In thinner specimens
(£2.5 mm) failure is predominantly from tensile stresses or else failure occurs
through delamination and subsequent buckling of the outer layers on the compres-

sion side of the bending specimen.

Results of Charpy tests on unnotched fibre composite specimens556,
Fig 1.21, show that the notch impact strength depends greatly on specimen thick-
ness. In order to be able to arrive at a realistic judgment of the energy
absorption capacity of fibre composites, therefore, notched bar specimens should

be of thicknesses similar to those used in practice.

In Ref 644, the total energy absorption (before and after occurrence of
maximum percussive power) from Charpy tests on uni- and multi-directional compo-
sites is compared with metals, see Fig 1.22, Here the energy absorption values
for GFC and Kevlar reach the best values of the metals. The values for BFC and
CFC are however far lower. In Refs 100 and 644, the energy absorption values up
to occurrence of maximum percussive power (Ze without energy absorption after-
wards) were compared, Fig 1.23. This reveals that the tested uni-directional
CFC had absorbed as much energy up to occurrence of maximum percussive power
as the Kevlar. In judging the notch impact strength of fibre composites,

therefore, a distinction must be made according to type of required gy

G%0T 17
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absorption (before or after occurrence of maximum percussive power), bearing in
mind the thickness of the component642.

The impact energy which the specimen can withstand without damage is
established in tests with falling weights643’72]. Both results of Charpy and
Izod tests and results of falling weight tests show that the energy absorption
of fibre composites is largely determined by the mechanical properties of the
fibres, and that in BFC and CFC energy absorption values can be improved by

exchanging a few layers for GFC or Kevlar/epoxide 1ayers642.

Energy absorption values were established on 20-layer uni-directional com-
posites made of Kevlar layers and CFC (HT) layers in different proportions., The
stacking sequence of the layers in the composite was shown to have a greater
influence on notch impact strength than the proportional composition of the two

types of 1ayer642.

With increasing intermixture of the two types of layer a significant, if
only minor, increase in the total energy absorbed was observed., Further,
differences in the time of energy absorption were noted depending on whether
Kevlar or CFC (HT) layers were on the outside (surface layers). Composites with
three Kevlar layers on each surface took up more energy up to occurrence of the
maximum percussive power ('incipient crack phase') than composites with CFC (HT)
surface layers. On the other hand, the proportion of the total energy after
occurrence of maximum percussive power ('crack propagation phase') was less in
composites with Kevlar surface laycrs than in composites with CFC (HT) surface

layers.,

The following emerged from falling weight tests and subsequent assessment

of damage according to Ref 643:

- Resistance to damage increases with increasing fibre and decreasing matrix

strength,

- Resistance to damage drops with increasing fibre and decreasing matrix

stiffness.

- Composites with two different fibre directions are more satisfactory than

composites with three fibre directions or only one.

- Composites with an intermixed arrangement of layers of different fibre
direction are more satisfactory than composites with a blocked arrange-

ment of layers of the same fibre direction,




The damage observed in these tests appeared on the side of the specimen
away from the falling weight in the form of cracks parallel to the fibre direc-
tion. In thick specimens the first damage may be expected to occur beneath the

surface layer(s).

The visible damage alone, however, does not disclose the degree of damage
from striking foreign bodies. Thus for example a test of compression-stressed
CFC specimens exposed to ball bombardment with increasing energy showed that the
strength of the plates had already dropped to 40% of its original value before

the appearance of recognisable damage (see section 3).

1.3 Investigations on environmental effect

1.3.1 Parameters investigated

The environmental influences most frequently encountered in operating aero-
space equipment are changes in temperature and moisture content of the air,
In addition to the media air with humidity and the extreme borderline cases of
vacuum and water, fibre composite components of load bearing structures
occasionally come into contact with hydraulic and cooling fluids, fuels, etc. The
effects of these media are dealt with in Refs 271, 356 and 528. A far greater
number of publications deal with the effects of changes in temperature and
humidity which have proved problematical for fibre composites with plastic

matrix27]. This is reported below.

As described in section 10, plastic matrix materials absorb water from a
humid environment. It is useful to distinguish between environmental stress

with and without moisture absorption.
Investigations of environmental influences can be classified as follows:

- Investigations with environmental stress before loading: storage at con-

stand or alternating temperature with or without moisture absorption.

- Investigations with environmental stress during loading: short-term tests
at ambient temperatures below or above room temperature, long-term tests

at alternating or constant temperature with or without moisture absorption.

- Investigations with environmental stress before and during loading: short-
term tests with stored specimens at high or low temperature, long-term

tests with stored specimens at alternating or constant temperature with or

e

without moisture absorption.
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Modern fibres of carbon, silicon carbide and boron according to Ref 426,
retain their room temperature strength (tension) even at high temperatures (to
BOOOC). They are also insensitive to the effect of moisture., In glass fibres
tensile strength declines with rising temperature, but decrease in strength is
only slight within the temperature range permissible for the matrix material;
for Kevlar fibres it is greater, see Fig 1.24, However if the fibre detaches
itself from the matrix (debonding) glass fibres can be 'leached out' by water

penetrationzﬁe.

After many years of use and after long-term tests in extreme climatic condi-
tions a deterioration of the properties of fibre materials has never been estab-
lished according to Ref 528, whether they be glass, boron or carbon. In the
organic fibre there are however signs of deterioration from ultra violet rays,
eg sun 1ight720. In contrast, the effect of humidity and temperature changes on
the mechanical properties of matrix materials (epoxide resins, polyamides, etc)
and the fibre/matrix bond can be great and it is connected with:

- Residual stresses which remain between fibre and matrix and in the layers
218,515,569,632,639,647 the
’

residual stresses can be computed with the aid of the coefficient of thermal

after the last cooling in the curing process

expansion of fibre and matrix for each layer, see section 6,

- Residual stresses in the fibre/matrix bond due to inhibition of deformation
by the fibre as the matrix swells through moisture absorption5]8’566’569.
These residual stresses can be computed, see section 6.

- Falling off of glass equilibrium temperature through moisture absorption

. ..92,343,528,670 .
by the plastic matrix . Computation of the lower glass
equilibrium temperature is possible, see section 10,

- Appearance of fine cracks in the matrix, probably due to spatial expansion

on absorbing moisture528’648.

In every case the behaviour of the matrix material and/or the fibre/matrix

bond is crucial to the reaction of a composite to environmental influences.

The matrix materials in common use may react differently to environmental
influences. Then temperature and humidity changes in matrix—dominant composites
will have different effects depending on the matrix material used., Tests on
environmental effects on the mechanical properties of fibre composites with
different plastics were carried out in Refs 92, 214, 218, 271, 356, 396, 514,
515, 553 and 667,




The upward range of the operating temperature of fibre composite materials
is limited by the glass equilibrium temperature of the plastic, The closer the
operating temperature is to the glass equilibrium temperature the more tempera-~
ture changes affect the behaviour of the composite, Ref 426 contains a survey
of the maximum permissible operating temperatures of fibre composite materials,
see Fig 1,25. According to this fibre composites with the following matrix

materials

Epoxide up to 150°¢C
Polyamide wup to 240°¢C +10°C in each case
Aluminium up to 310°C

Titanium up to ~500°C

can be used for components where both strength and stiffness are critical with a
saving in weight as compared with metals used by conventional construction
methods, As in fibre composites with plastic matrix, the matrix is the decisive
component in fibre composites with Al or Ti matrix; in this case the known
properties of the Al or Ti alloys can be used to assess the behaviour of the

metal matrix composite,

1.3.2 Effect of exposure at high temperature

Storage at constant high temperature without moisture absorption of fibre
composites with epoxide resin matrix shows no effect on the static strength and
modulus of elasticity, either in fibre~dominant or matrix-dominant compo-

436’5]6’538’667. An investigation of fibre-dominant 0° and 00, +45° compo-

sites
sites in glass/epoxide, carbon/epoxide and carbon/polyamide667 showed that after
1000 hours only the tensile strength of the uni-directional carbon/polyamide
composite had dropped, namely by approximately 13%. The tensile tests were
carried out at the storage temperature. In another investigation of HM fibre
polyamide composites*436, a drop in strength of 247 and in stiffness of 187 was
observed after 1000 hours/300°C. In this case the tests were carried out at

room temperature,

1.3.3 Effect of variable temperature

Since the coefficients of thermal expansion of the fibre materials (-5 to
+5 . 10—6 per degree) and matrix materials (20 to 60 . 10_6 per degree) are

distinctly different and the thermal expansions along and across the fibre

* HM = high modulus fibre.




differ (thermal anisotropy), temperature changes lead to thermal stress changes

in the composite which overlie the stresses from applied loading. As explained

in section 6,
- normal stresses within the fibre,
- normal stresses within the matrix,

- normal and shearing strains between fibre and matrix can be computed with

the aid of micromechanical analyses, and
- normal and shearing strains within the individual layers,

- normal and shearing strains in the entire composite with the aid of macro-

mechanical analyses.

In uni-directional composites thermal stresses occur only between fibre
and matrix (micromechanical range218, whereas in multi-directional composites
thermal stresses occur in addition between layers with differing fibre orienta-
tion (macromechanical range). For example, in the 0° layers of multi~-directional

composites tensile stresses can occur transversely to the fibre direction in

consequence of thermal expansion; these stresses can exceed the lateral tensile

strength of the 0° layers (see section 6) and consequently produce longitudinal

! cracks there,

! The thermal stress-free condition of fibre composites with plastic matrix

: occurs in the curing cycle at a temperature above the later operating tempera-
ture, Thus in the micromechanical range compressive stresses in the fibre and
tensile stresses in the matrix arise at operating temperature, Macromechanically
compressive stresses arise along the fibre and tensile stresses across the fibre
in the 0° layers of an Oo, +45° composite at operating temperatureZIS. In com-
puting thermal stresses in the composite changes in the modulus of elasticity (E),
modulus of shear (G) and transverse contraction ratio (v) must also be taken into

account,

Some results of relevant investigations are quoted in section 1.3.4, see
Fig 1.26. Temperature variations below room temperature (RT) in the area <0°c
have, as expected, proved more critical than temperature variations above RT218.
Specimen bars of an [02/145]s CFC* which had been heated 100 times from RT to
+138°C showed no change in mechanical properties. In a second series of tests

specimen bars of the same composite were codled 100 times from RT to -73°C.

T

* Abbreviation O2 = 0/0.




Afterwards the modulus of elasticity had dropped by about 257 and tensile
strength by about 357. It should be mentioned that in the laminate structure
examined here matrix stress between the 0° layer and the +45° is comparatively
high. Stresses would surely be less if the stacking were more homogeneous.

*516 . .
c a drop 1in compressive strength

In a different test of [O/i45/0/§6]s CF
of 25-507 was observed after 500 and after 1000 temperature changes between +38°¢C
and +127°C or +177°C. Tensile strength and stiffness were not affected. 1In
Ref 647, in contrast, a distinct drop occurred in tensile strength and stiffness
of a uni-directional CFC after temperature cycling between -55°C and +150°C. In
this investigation it was conjectured that thermal stresses reduced with increas-

ing number of temperature cycles.

Tests with uni-directional and multi-directional CFC, for which a curing
process with maximum 140° instead of the usual 170°C was developed, showed no
tensile and stiffness loss in longitudinal and transverse directions after 25
temperature changes from -160°c to +100°C. Fractographic tests at the end of
the experiment showed resin cracks parallel with the fibre which were obviously
stopped by embedded carbon fibre tissues in the multi-directional compositesSIA.

In a test related to the application of fibre composites in space flight174

the tensile strength in direction of thickness in multi-directional CFC dropped
steadily during 50 temperature changes from -157°C to +66°C in vacuum. Here, as

also in Ref 514, effects on the coefficient of thermal expansion were observed,

The effect of a combination of constant tensile loading (707 of tensile

strength) with 100 temperature changes from RT to 138°C and KT to -78°C was

investigated in Ref 218. [02/i45]S CFC and GFC did not survive the temperature
changes above RT without damage. After the subsequent temperature changes below
RT both composites exhibited damage which in the CFC led to 20% drop in tensile
strength and stiffness. In Ref 218 four further composites with the same
laminate structure but different fibre/matrix combinations were tested, and
after temperature changes with and without steady loading no loss of strength

and stiffness was detected.

1.3.4 Effect of high and low temperatures

As the environmental temperature approaches the glass equilibrium tempera-

ture of the plastics their stiffness drops while transverse expansion

increases396’667. Although the strength of the resin increased after tests in

* Abbreviation 90 means that only one 90° layer is set in the middle.
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Ref 667, all tests with matrix-dominant composites show higher strength losses

than fibre-~dominant composites3l6’396’5]6’648’667. The effect of temperature

changes on fibre composites presumably rests mainly on changes in matrix stiff-
ness, strength of the fibre/matrix bond and matrix strength as well as on

residual thermal stresses at low temperatures.

A drop in the modulus of elasticity of the matrix at high temperatures
reduces the support of the fibre under compressive =tress and can lead to prema-
ture local mechanical instabilities which initiate the crack54’3]6. These
instabilities in conjunction with the shear deformations which are greatly
increased at high temperatures cause a relatively severe temperature effect on
bending strength321’36l’436’648. Since fibre materials exhibit no temperature
effects up to the glass equilibrium temperature3426, stiffness and strength
losses of the plastic matrix must be responsible for the drop in tensile
strength and modulus of elasticity frequently observed, even in the case of
fibre~dominant composites (including the uni-directional). Polyamide composites
according to Refs 3, 92, 119, 316, 516 and 667 have proved to be particularly
vulnerable. From an overall point of view, however, the drop in strength is
less in fibre-dominant composites than in matrix-dominant composites. A poss-
ible explanation for the temperature effect on uni-directional composites is

provided by the following observation:

Load transfers take place via the matrix at weak and broken fibres in the
0 . . . . . . .
0" layers so that the fibre carries its full loading agair at a certain distance
from the weak or broken spot. The temperature behaviour of the matrix which is

thus highly stressed can therefore affect the strength of the composite426.

A review of the influence of temperature on the mechanical properties of
the CFC (HT) with T300 fibre and epoxide matrix (Narmco 5208) is contained in
Fig 1.26 with mean values from five tests from Ref 516. A comparison of the
influence of temperature on fibre composite materials with fibres of differing
stiffness and strength is undertaken in Refs 92, 110, 195, 316, 383, 396, 436
and 667, Material data for dimensional changes at different temperatures for
GFC and BFC are contained in Ref 600, The matrix material is subject to greater
stress in composites with fibres of low stiffness than in composites with fibres
of high stiffness. Consequently the more highly stressed matrix material is
responsible to a correspondingly greater extent for the temperature behaviour of
the composite. Therefore the effect of high temperatures on the static strength

and stiffness of GFC is relatively great2’92’600. At low temperatures the




increase in stiffness of the matrix material eases the load on the glass fibres
. Lo .
which works out favourably for the GFC composite 95; at temperatures in the range

of =185 to -269°C the strengths of GFC composites are approximately 507 higher

than at room temperature195’383. While the strength of BFC, Boron-Al and Kevlar

are not affectedor only slightly affected by these temperatures33’]95’383’667, CFC

shows a significant drop in strength at only -55°C|95’383’667.

Probably the
higher residual thermal stresses in CFC are responsible which (as already men—
tioned) may exceed the transverse tensile strength in the 0° layers and may
therefore indirectly lead to a drop in compressive and bending strength by
reduced support under compressive stress due to longitudinal cracks, Further-
more longitudinal cracks in the 0° layers prevent load transfer via the matrix
so that the strength of the weakest fibre bundle determines the strength of the

0° layer.

In notched specimens the temperature effect is no greater or less than in
unnotched specimen5416’667. In contrast the bearing strength of multi-
directional composites (T300/5208) is greatly affected; according to tests in
Ref 251 it is at 127°¢ only 70% of the bearing strength at room temperature. The
drop in strength of bonded joints is also very great, as shown by an investiga-
tion in Ref 161 on a double shear CFC (T300/5208) to Ti 64 bond. At +150°¢C its
strength dropped to 407 of strength at room temperature, whereas it increased
at low temperatures. From a resume of numerous test results the following can

be stated according to Ref 718:

- in 0° and 00, i45°, 90° composites with high modulus fibres, temperature
changes in the range of 0~100°C have a negligible effect, In the range
of 100-180°C strength can drop slightly, at most by 207, The drop in

stiffness is negligible over the whole temperature range,

- in 90° composites a rise in temperature from 0-180°C causes a severe
drop in strength which may be as much as 60%. Stiffness drops by 507 with

this rise in temperature.

1.3.5 Effect of humidity

The spatial expansion of the matrix caused by absorption of moisture (see
section 10) produces residual stresses in the layers of multi-directional compo-
sites which increase with spatial expansion. The residual stresses can be com-

puted by macromechanical analyses (see section 6.3.3) while residual stresses

due to moisture absorption can counteract residual thermal stresses,

Shue 11
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Moisture absorption leads to a build-up of compressive stresses in the
surface area of a composite, which in turn generate tensile stresses in the
layers beneath (this follows from the condition of the equilibrium of forces).
Moisture desorption has the reverse effect528’566. Residual stresses of a macro-
mechanical type due to moisture absorption surely contribute to the change in the

mechanical properties of fibre composites in moist environment,

The negative effects of moisture absorption found in many investigations,
eg Refs 528, 648, 718 and 722 are, however, primarily due to processes which take
place in the non~homogeneous individual layer and therefore even in the uni-
directional composite lead inter alia to losses in compressive strength in the
fibre direction and in tensile strength transverse to the fibre, In considering
the causes for the negative effects a distinction must be made between reversible

and irreversible processes172’27]’356’518. Here are some examples;

If fibre composites are dried after moisture absorption and regain their
original mechanical properties in a dry condition then the effect was revers-

. 28 . ) )
lbles . Epoxide resins mostly behave reverS1b1y92’27]

, see Figs 1,27 and 1,28;
their strong molecular bonds make chemical attack by water and irreversible
changes connected therewith improbable. Weakening of the fibre/matrix bond and
finally debonding of the fibre are essentially irreversible]72’356. Voids and
surface cracks generated by rapid warming (temperature peaks) in the resin of wet
fibre composite528 presumably result in permanently raised diffusion coefficients

214,322,528,614

and increased saturation content and are thus also irreversible.

In practice irreversible and reversible processes occur jointly but to a
different degreel72’27l’340. Which processes predominate depends in individual
cases on the behaviour of the resin on absorbing moisture and on the quality of
the fibre/matrix bond. CFC with non-surface treated carbon fibres as Ref 271 for
instance, contains more voids than surface treated fibre composite; it therefore
takes up more water (see section 10) and suffers a predominantly irreversible

drop in interlaminar shear strength,

Both reversible and irreversible changes in the behaviour of the fibre
composite through moisture absorption reduce the mechanical properties of the
fibre/matrix composite in a moist condition; thus for instance matrix crazing was
discovered in the moist resin6[08 and is held responsible for the noted loss of
transverse tensile strength, modulus of elasticity and interlaminar shear

strength at room temperature. The formation of cracks in the matrix through
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spatial shrinkage on desorption of moisture (on drying and in temperature peaks)
. . ‘e . . . . .. 528 .

is presumably intensified in a relatively thick multi-layer composite , since
the outer layers can contract more rapidly than the inner during emission of

moisture and are therefore under high tensile stresses, This effect cannot

occur until moisture has penetrated far into the laminate. The distribution of
moisture through the laminate thickness can be computed as a function of the
total moisture content of the composite and the humidity level of the environ-
ment as Ref 573, as has been done, eg in Refs 528 and 718, After moisture varia-
tion a deterioration in the fibre/matrix bond (debonding) was found fractographi-
cally in Ref 3609 which led to a decline in strength in relatively thin axially
loaded *45° CFC.

In becomes clear from the processes of moisture absorption that only those
mechanical properties of a fibre composite are subject to changes which are
determined predominantly by the matrix material (matrix-dominant composites).
These mostly negative changes are always related to the measured time~dependent
increase in weight of the composite caused b; penetrating water. The form of
this relationship varies with the resin system27l. In resins with a lower
saturation content the decline in the mechanical properties will be less than

in resins with a higher saturation content]72’2]4’553. Speed of diffusion and

214,528

saturation content also depend on the curing process , especially when it

entails differences in the proportion of voids.

L4
Above are summarised the reasons for the negative effect of moisture

absorption on the mechanical properties of fibre composites at room temperature;
the essential parameters were also stated. The observed losses of mechanical
properties of fibre composites through the effects of moisture and temperature

will be shown below. Under these operating conditions the effects of moisture

absorption at room temperature qre superimposed on those at raised temperatures.
The previously described effect of temperature is reinforced in a moist
environment by the fact that the so-called glass equilibrium temperature falls
with increasing moisture content in fibre-reinforced plastics (see section 10);
e moist resins soften at lower temperatures compared to dry ones, where the
transition from hard to soft condition takes place over a larger temperature

range. This is shown in Fig 1.27 from Ref 92 by means of the bending of resin

specimens with rising tempggrature, for different moisture contents,

S%0T 11
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The following paragraphs report on the effect of moisture and temperature

on

- Tensile, compressive and shear strength,
- Stiffness
- Creep strength depending on time and creep behaviour

- Notch impact strength.

The resultc of investigation on the effect of temperature and moisture
content on the tensile strength and modulus of elasticity of fibre composites

can be summarised as follows according to Shen and Springer718’722:

- on tensile strength:

according to Refs 92, 214, 321, 516, 648, 667 and 720 in fibre-dominant

0%, +45°

minor effects on tensile strength, For moisture contents below 17 the

o . . . .
» 90 composites the moisture content of fibre composites has only

effect of moisture appears to be negligible, Above 1% moisture content
tensile strength drops with increasing moisture content; the maximum drop
is around 20%. The drop in tensile strength, however, appears to be
independent of the temperature, In métrix—dominant 90° composites the
influence of moisture content on tensile strength is significant. The
drop in strength depends both on the moisture content and on the tempera-

ture. The drop in tensile strength can be 60-90Z.
- on modulus of elasticity:

according to Refs 214, 321, 516, 648, 677 and 722 there were only very small

o’ 90° com~

changes in the modulus of elasticity in fibre-dominant 00, 45
posites in the ranges examined of moisture content (0-2%) and tempera-
ture (=75 to +180°C). In matrix—dominant 90° composites stiffness drops
considerably with increase in moisture content. The decline in the
modulus of elasticity depends both on moisture content and temperature

and reaches values between 50 and 90%.

In most tests moisture was not evenly distributed within the specimens.
In fibre-dominant composites differences in moisture distribution do not appear
to affect results., In matrix-dominant composites the moisture distribution can
affect the amounts of strength and rigidity but it will not alter the tendencies
in the data, Figs 1.29 and 1.30 show strength and modulus of elasticity

respectively as a function of test temperature and moisture content for a
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22 . . .
CFC7I8’7 . TLhe effect of moisture content on compressive strength of fibre

composites has been examined less frequently; the results described in Refs 92,
214, 516, 528 and 614 are based on different experimental methods. In Refs 214
and 516 it was found in fibre-dominant and matrix—-dominant CFC after storage in
an environment with constant humidity that compressive strength had dropped by
up to 257 both at room and higher temperature. In environmental stressing with
realistic environment simulation (moisture absorption and temperature change)

the drop in compressive strength at high temperatures can be greater92’528’6]4;

it is then up to 40%.

A pronounced moisture and temperature effect is observed for interlaminar
and intralaminar shear; however it has different causes depending on the type
of loading. For intralaminar shear (within a layer) moisture and temperature
influence on the fibre/matrix bond is decisive, for interlaminar shear (between

the layers) it depends primarily on the behaviour of the matrix materiall72’516.

Tests with interlaminar shear stress in Refs 92, 172, 271 and 528 show
drops in shear strength through moisture and temperature effects of 40-607.
Results in Refs 172 and 271 show a distinct increase in the drop of interlaminar
shear strength with increasing moisture content in CFC., The effect on breaking
elongation is noteworthy as it can increase threefold through moisture content

at high temperature516’648. The effect of temperature and moisture on bending

92,309,321,528,648

strength is governed by the effects on shear strength and

compressive strength of the material concerned.

It was observed in Ref 648 that the effect of moisture on bending strength
of a composite is caused indirectly by a drop in interlaminar shear strength
due to moisture absorbed. Confirmation of this can be extracted from Fig 1.31.

This shows the effect of cyclic moisture absorption on the bending strength of
92

uni-directional epoxide resin composites with fibres of differing stiffness
According to this the glass fibre composite (lowest stiffness fibre) shows the
greatest drop in bending strength and the carbon-HM composite the least, since

shear stress decreases with increasing rigidity.

The increase in the drop in strength of dry and moist composites, however,
takes a different course with rising test temperature for shear stress (short
bending test) and bending stress as shown by a comparison in Ref 321 and a
comparative table in Ref 528 for realistically aged i45°, 90° CFC with 18 layers,

see Fig 1,28, In changing envirommental conditions al 10st constant moisture
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content is established in the interior of fibre composite plates after long
operating periods according to Ref 565, while the moisture content in the surface
layers varies continually with the environment conditions (see section 10). In
changing environmental conditions therefore the outer layers suffer corresponding
changes in expansion or residual stress which can contribute to damage.

In order to reveal this proportion of damage comparative bending tests with and
without the effect of moisture are recommended. The table, Fig !.32, taken from
Ref 528 gives an insight into the drcp in static strengths and moisture absorbed
(percentage by weight) after real and simulated changes in environmental condi-
tions during long periods of service in aircraft (1-20 years). Static tests on
realistic components of GFC, CFC, BFC and CFC + BFC were carried out at RT and
+127°¢. Only at 127°C did static strengths drop noticeably.

The effect of natural climatic change on 0 # 45° composites with different
epoxide resins was examined in Ref 515, Static tests were carried out during
18 months' storage in sub~tropical and temperate marine climates, Shear strength
and breaking elongation fluctuated most in all resin systems, mechanical proper-
ties dropped noticeably in only one resin system. Surface treatment with poly-
amide primer and polyurethane enamel proved to be advantageous (see also

section 2).

The following is all that can be said at present on the effect of tempera-

ture peaks:

After repeated rapid heating to high temperatures (150°c) considerably
increased diffusion speeds and saturation amounts were observed in carbon fibre
epoxide resin composite52]4’322’5]8’528’6]4. It is generally suspected that
faults and surface cracks in the resin develop under the effect of temperature
peaks. At present systematic investigations of the effect of temperature peaks

on the mechanical properties of fibre composite materials are not available.

1.3.6 Creep strength and creep behaviour

The plastics used as matrix material in fibre composites (epoxide resin,
polyester resin, polyamides and other thermoplastics) tend to creep because of
their visco-elastic behaviour (to a considerably greater degree than metals) so
that their strength and stiffness depend on time and temperature, By reinforcing
the plastics with 50-607 volume fraction of carbon, boron, glass or Kevlar
fibres, however, creep behaviour approximating to that of metals is achieved.

The effectiveness of reinforcement depends on the fibre material used. For




instance, the creep resistance in the fibre direction of a uni-directional
composite with embedded Kevlar fibres proved to be three times greater than
S-glass composites., CFC too is judged to be particularly resistant to creep,
which is confirmed in investiga-ions by the RAE53S’658’666. Results show that
creep strains in 00; 00, +90° and 00, +45° CFC after 1000 hours at +80°C stressed
at 807 of tensile strength are very small in comparison with aluminium alloys
(2024, 7075). This also applies to uni~directional boron-epoxide and 00, +45°

.. . 657
boron~aiuminium composites .

In matrix—-dominant 90g,11450 and +45° CFC composites creep strains were
considerably greater, see Fig 1.33, and the +45° composite behaved like non-
reinforced plasticse66. Similar results were obtained in investigations in
Ref 173 on the effect of fibre orientation on time creep strength of GFC in air
and benzene. Load and temperature act as in metals: their increase enlarges

87,716,720

.21 . . . .
creep strains . In creep tests of fibre strands in epoxide with

50-100 specimens per series, relatively wide scatter was observed, as also in

Ref 173, For the fibre composites tested, GFC, CFC and Kevlar/epoxide as well

asﬂberyllium wire in epoxide the scatter in creep strength was 20-100 times
i greater than that in tensile strengthyzo. An evaluation of the fibre/epoxide

F composites tested for creep strength produced the following order:

- Carbon (maximum creep strength)
- Beryllium
- Kevlar

- S-glass (minimum creep strength).

The creep behaviour of GFC/polyester composites is described in a different
investigation398. Several publications by the Institut fir Kunststoffverarbeitung
an der RWTH Aachen, eg Ref 246, also deal with the creep strength of GFC. The
effect of temperature and moisture is also treated there.

Creep strength and creep behaviour of CFC and BFC with plastic matrix have

{Hso been investigated repeated1y2"]8]’320’425’455’5]6’666’667. Although

R4

results available so far lead to the assumption that there are moisture and

temperature effects, it is not yet possible to quote quantitative data because

of the small number of tests.

i.4 Scatter of test results

Since fibre composites in general do not plasticize and therefore incline

to spontaneous failure, it is necessary to take account of the degree of scatter

.
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of strength chracteristics, see Refs 50, 157, 158, 159, 161, 221, 343, 399, 401,

473, 484, 518 and 668 when laying down permissible loads (cumpare the 'A' and 'B'
values in MIL Handbook 5A). As in metals, the scatter of strength values of
fibre composites is affected to a major extent by the manufacturing process,
quality control, predominant type of fracture, size of specimen and test method
and to a lesser extent by the orientation of the layers, the environment and

notches.

It has been observed frequently in fibre composites that the variation
coefficient (percentage ratio of standard deviation and mean value) as a measure
of the scatter of the strength characteristics is largely independent of the type

of loading, layer orientation, temperature and shape of notchllB’llg’lgl’AIQ

, but
greater than in metals. For instance, the variation coefficients of tensile
strength of BFC, CFC and GFC according to Refs 113, 119, 179, 191, 254, 414, 634,
778 and 784 amount to between 5 and 13%*, Further data on the scatter observed
are to be found in Ref 161 for bonded joints, in Ref 119 for breaking stresses in
BFC, in Ref 634 for notched specimens (with hole or crack), in Ref 276 for

short-fibre GFC and in Ref 720 for time creep strength of CFC, Kevlar and GFC.

For the future it is to be expected that with further development of
quality control in the manufacturing process from material constituents (fibre
and matrix) to structural components a progressive reduction in the scatter
ranges of strength characteristics will be achieved, as is already shown in the

development of BFC technology414

1.5 Summary

To summarise, the following can be stated on the subjects mentioned:

Stress—-strain behaviour

- if approximately 257 or more of the layers of a CFC or BFC have fibres in
the direction of load then the behaviour and the mechanical properties of
the composite are determined by the properties of the fibres and the compo-

site is termed 'fibre-dominant',

- if less than approximately 25% of the layers of a CFC or BFC have fibres
in the direction of load then the behaviour and the mechanical properties
of the composites are primarily determined by the properties of the matrix

and the composite is termed 'matrix-dgminant',

* For comparison, the variation coefficients for metals are less than 5%.
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in tensile and compressive stress fibre-dominant CFC and BFC exhibit linear
stress=-strain behaviour and matrix—dominant non~linear stress-strain

behaviour,

with inter- and intralaminar shear stresses the stress-strain behaviour

of all fibre composites with plastic matrix is non-linear,

since in CFC the fibres do not run exactly parallel the following devia-
tions occur from the linear stress-strain behaviour: the tangent modulus
rises with increasing tensile stress and drops with increasing compressive

stress.

faulty alignment and parallelism of the fibres reduces strength and

increases the transverse strain coefficient of fibre-dominant composites,

in fibre-dominant CFC, BFC, GFC and boron/aluminium the absolute value of
tensile strength is in general equal to the absolute value of compressive

strength,

fibre-dominant composites with organic fibres (Kevlar) are non-linear on
compression; their compressive strength is only 1/5 of tensile strength

(ratio of absolute values),

across the direction of the fibres compressive strengths are higher than

tensile strengths (absolute values),

the position of the weakest layer (90o layer) in the composite can affect

the strength and the shape of the stress-strain curve,

despite local linear behaviour higher strains can occur at the notch than

at tensile failure of the unnotched specimen.

Static strengths of notched components

stress concentrations in specimens with open holes and in joints reduce
the static tensile and compressive strengths in comparison with the

strengths of unnotched specimens,

static strength drops with increasing hole diameter, this drop can be
estimated successfully with the fracture hypotheses of Whitney, Nuismer

and Waddoups,

the drop in strength due to the notch becomes greater with increasing
anisotropy. Computed stress concentration factors also increase with
increasing anisotropy; they are however always greater than the ratio of

the static strength unnotched to the static strength notched,

1
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- in fibre-dominant GFC the drop in strength due to the notch is less than in

BFC and CFC,

- the static strength of the notched specimen can be raised to that of the

unnotched by laminating on £45° and 0° layers at the hole.

Static strength of joints

- mechanical joining of fibre composite parts by means of load transferring
bolts gives the greatest strength in the nett cross-section in composites

of 0° and +45° layers,

- bearing strength is considerably improved by the lateral support conferred

by clamping of the composite at the edge of the hole,
- bearing strength is greatest in 00, +45° CFC with 60% 0° layers,

- without lateral support bearing strength drops considerably with increasing

ratic of hole diameter to composite thickness (00, +45° CFC),

- strength against shear-out depends on the orientation of the layers in the
composite; Oo, +45° cFC (HT) with 407 0° layers has high shear-out
strength,

Behaviour under impact load

- energy absorption related to the cross~sectional area (nett cross-section

for notched specimens) is equal in both unnotched and notched specimens,

- energy absorption of bending specimens is greater in thick specimens
(failure due to shear stresses) than in thin specimens (failure due to

normal stresses),

- the mechanical properties of the fibres determine the energy absorption
capacity of the composites. CFC and BFC absorb less, GFC-Kevlar the same

amount of energy as metal materials,

- hybrid composites with well mixed GFC and CFC layers or Kevlar and CFC
layers absorb more energy than pure CFC, furthermore it is of advantage

for the GFC or Kevlar layers to be on the surface of the hybrid composite.

Environmental effect (General)

- environmental effects on the mechanical properties of fibre composites

are related to:

- the coefficients of thermal expansion which differ for matrix and

fibre,
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Storage at high temperatures

- the thermal stress condition after curing,

- the change in volume of the composite on absorption or desorption of

moisture, and

- the fall in the glass equilibrium temperature due to moisture

absorption.

the transverse tensile stresses in an angle ply composite resulting from
different thermal expansions of fibre and matrix can exceed the transverse

tensile strength of the 0o° layer,

in general the effects of the environment on the matrix and the fibre/

matrix bond determine the effects of the environment on the composite.

only in composites with polyamide resins was a drop in the mechanical
properties of the composite detected after storage at high temperatures
(300°C).

Temperature cycles before loading

High temperatures during loading

temperature cycles in the range below room temperature reduce the

strength and stiffness of fibre composites,

constant tensile stress during alternating temperatures can cause even 1
greater reductions in the strength and stiffness of fibre composites with

plastic matrices.

at temperatures in the range 100-180°C during loading the tensile strength
of 0° and 0°, 245°

fibres (carbon, boron) drops by 207 maximum,

o . . , \ . .
s, 90 composites with epoxide resin matrix and stiff

in 90° composites with epoxide matrix high temperatures (up to 180°C)
during loading cause a drop in tensile strength up to 607 maximum and in

stiffness 507 maximum,

in fibre-dominant composites the adverse effect of high temperatures on

static strength and stiffness is greater in GFC and Kevlar than in BFC and
CFC.

- L1
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Effect of absorbed moisture

- in 0° and 00, t450, 90° composites tensile strength drops by 207 maximum

with moisture levels over 1.07Z, stiffness is not affected,

. 0 . . . . . .
- in 90  composites tensile strength and stiffness drop with increasing

moisture content; at 27 moisture level the drop is 907,

- the effect of moisture is greater if the proportion of shear stress on the

fibre composite is large.

Creep strength and creep behaviour

- in matrix-dominant composites creep strains are approximately the same as

those in the non-reinforced matrix materials,

- in fibre-dominant CFC creep strains are less than in aluminium alloys
(2024, 7075).

Scatter of test results

- the scatter of strength characteristics is at present still greater for
fibre composites than for metal materials; this difference will disappear
with the development of quality controls for fibre composite methods of

construction,

- the scatter of creep strengths of fibre composites is 20-100 times greater

than the scatter of tensile strengths,

- particular attention should be paid to the scatter of mechanical proper-

ties of fibre composites in the present stage of development.

1.6 References to the literature

In this section the references evaluated in the preceding sections are
classified according to contents and divided by subsidiary subjects. The

references cited in each section are underlined.

Section 1.2.1

Stress-strain behaviour:

23, 25, 77, 719, 105, 114, 117, 120, 191, 218, 252, 313, 414, 486, 634,
719, 792.
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Parameters:

268, 271, 356, 426, 528, 718, 720.
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i 218, 515, 518, 566, 569, 638, 639, 647.

Glass equilibrium temperature:

92, 343, 528, 670.

Matrix material: 1
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Storage:

436, 516, 538, 667.
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Temperature cycles:
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Temperature during loading:

Section 1.3.5

Moisture absorbed:
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Creep strength and creep behaviour:

21, 87, 100, 173, 181, 246, 320, 398, 425, 455, 516, 535, 585, 657, 658,
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Scatter:
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Fig 1.29 Effect of temperature (during loading) and moisture content on
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Fig 1.30 Effect of temperature (during loading) and moisture content
on the stiffness of CFC (Ref 793)
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2.1 Introduction

Structures of all types — here aircraft construction is of particular
interest - are exposed to changeable loads in operation. In order to ensure the
adequate operational safety of a structure during its assumed useful life, it is
therefore essential to know its fatigue strength under conditions similar to
those obtaining in practice. Important parameters of varying stress are as

follows:

- the range of stress in the test cross—section which is bounded by the

minimum stress o¢ and the maximum stress 9
u

- the stress ratio R = ou/oo. Under varying stress in the purely tensile
area 0 <R <1, in the purely compressive area | <R < «, in the tensile/
compressive area - » <R <0 with the special cases R = +] (static load)
R = -1 (purely alternating load), R = 0 (tensile stress of varying magni-

tude) and R = » (compressive stress of varying magnitude),

- mean stress o = (0. + Uu)/Z , and

0

~ stress amplitude o, = (o, - cu)/Z .

0
Single-stage tests at constant amplitude are particularly easy to carry out
and are suitable for the assessment of the fatigue behaviour of materials in the
form of specimen bars or bar~type joints. Results of single-stage tests and the
Woehler lines derived from them form the basis for arithmetical life prediction.
In many areas of aircraft construction (eg on the fuselage) the operational load

is very similar to a single stage load.

‘Endurance analysis for components which are primarily exposed to opera-
tional loads with variable amplitudes (eg wing areas) demands so-called flight-
by-flight tests. The load sequences used are always representative of a
definite operational use of aircraft, they therefore contain the essential

characteristics of operational loading.

Over and above these general considerations there are some special
features to be noted in the case of fibre composite materials. Thus the pro-
nounced environmental sensitivity of fibre composites with plastic matrix,
especially to moisture, renders it necessary to establish the fatigue strength
of these fibre composites in different environmental conditions. 1In addition
the drop in stiffness due to cyclic loading has to be investigated - particu-

larly for the design of bearing surfaces. Since geometric notches in fibre

S¥%C.
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composites presumably have a similar effect on fatigue behaviour as in metals,

notched bars and joints should be included in the investigations.

The fatigue strength of fibre composites is described in the following
sections according to data from the relevant literature, eg Refs 49, 254 and 732,
These concern almost exclusively results of single-stage tests, The fatigue
strength tests with variable amplitude loading which have been carried out to a
very limited extent so far concern flight-by-flight tests with load sequences

typical of aircraft load bearing structure.

CFC materials are used most frequently in load bearing aircraft structure at
present and are therefore central to the following considerations. GFC is dealt
with only marginally, although there are more extensive investigations available
for this material in Refs 205, 209, 504, 509, 617, 684, 685 and 686. The CFC
specimens examined are largely realistic angle ply composites which are adjusted
in structure and fibre orientation to the multi-axial stresses in the structures
of aircraft, rockets and space ferries. The components designed in fibres for
these applications contain many +45° and 0° layers and the 90° layers which are
sometimes necessary. The 0° layers lie in the principal load direction, the
+45° layers take the shearing stresses and the 90° layers take the lateral

. o . .
stresses if the transverse strength of the 00, +45° composite is not adequate.

Apart from tests to ascertain the endurance of complete components the
behaviour of this composite has hardly been tested with multi-axial loading
similar to that obtaining in practice. Most of the fatigue strength tests
reported below were performed with uni-axial loading parallel to the fibres of
the 0° layer, ie with loading in the direction of maximum principal stress on
the component. This paper does not discuss fatigue strength on multi-axial

loading since this subject was treated in detail in Ref 705.

2.2 Repeated loading at room temperature

2.2,1 Effect of mean stress and stress ratio

The best view of the effect of the mean stress and stress ratio R is pro-
vided by presentation of the results of single-stage tests in the so-called Haigh

diagram. This type of presentation is therefore described briefly, see Fig 2.1.

In the Haigh diagram the mean stresses o ~are the abscissa values and
the stress amplitude o, the ordinate values. The test results are entered as

lines of constant life (N = constant). They all meet at o, = 0 and R = +}
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(abscissa axis) in the range o >0 at the static tensile strength and in the
range 0 <0 at the static compressive strength. Between these points the
lines of constant life run separately at a greater or lesser distance from each
other, intersecting the lines of constant R values which radiate from the
origin (oa = cm = 0). The lines of constant maximum stress (00 =0 + o, =
constant) are inclined at -45° to the abscissa axis (0a = 0 = constant), the
lines of constant minimum stress (ou =0 -0, = constant) at +450. All constant
life lines therefore lie within a right-angled triangle whose hypothenuse is the
section of the abscissa between the static strength values and whose short sides
are the lines of constant maximum stress 00 =g (tensile strength) and con-

Bz

stant minimum stress o, = (compressive strength), see Fig 2.1,

Bd
In the metal materials used in aircraft construction the lines of constant
life exhibit the same tendency in the range of positive mean stresses as in the
range of negative mean stresses, see Fig 2.2, 1In contrast, the lines of constant
life for fibre composite materials (see Fig 2.!) are deflected, even when the
stress cycles extend only slightly into the compressive range, in the direction
(at o, = 0 )712,785

of o, = » Ze the tolerated stress amplitudes drop with

Bd
increasing proportion of compressive stress (increasing negative minimum

stress 0 ).
u

Fibre composite materials are therefore more sensitive to compression on

. 7 . . . . .
repeated stressing than metals 85. A possible physical explanation lies in the

1
stress-strain behaviour typical of the material, which allows greater elongations !
on compressive stress than on tensile stress (see section 1.2.1). This leads to
the stress on the matrix increasing in this fibre composite as the stress cycles
increasingly enter the compressive range, and thus to earlier development of

damage.

The Haigh diagram also shows as a function of mean stress and fatigue
amplitude whether or not the static design covers fatigue strength, For this

purpose a line must be drawn parallel to 00 = OBz (tensile strength) and

g (compressive strength) of the material at the distance of the static

=g
u Bd
safety factor. The area above these lines is covered by the static design; in
the area below these lines fatigue strength governs the design.

The lines of constant life for fibre composit:es732’785

show the greatest
distance from static strength in the range ef R = -5.0 to R = ~0.5, so that

tensile-compressive stresses with 30-80% proportion of compression of the whole

S%0c¢ wi
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load cycle can be covered least by static design. The stress ratio at which the
distance from static strength is greatest appears to be close to the ratio
/o of static strengths, as shown by a comparison of the Haigh diagrams in

%Bd Bz
Fig 2.1.

2,2,2 Effect of notches introduced by the design

The previous section explained the presentation of results of single-stage
tests in Haigh diagrams because the effects of stress ratio and mean stress are
shown most clearly by this means, In describing the effects of notches, however,
presentation of the results of single-stage tests is clearer in the form of
Woehler lines which are therefore used hereunder. In the case of Woehler lines
at constant values of R either the maximum or minimum stresses are plotted
against endurance, depending on which of these two stresses is the greater, see

Fig 2.3.

Position and shape of the Woehler lines of notched and joint specimens (no
bonded joints) of fibre composites are determined by their static strength and
the fatigue strength of the unnotched composite at large numbers of load cycles.
As is known by comparing static strengths of notched and unnotched specimens
(see section 1), the static strength of notched and joint specimens is below the
static strength of unnotched specimens. For example, in drilled specimens with

a ratio of hole diameter (d) to specimen width (w) of d/w = 0.2 the ratio oi

static strengths (unnotched to notched) is approximately 1.5532’533’794. In

joint specimens these ratios can be up to 3.0546’794.

The significant effect of the notch on static strength under cyclic load
decreases steadily with increasing number of cycles to failure and can disappear
completely after a large number of load cycles (N >'106), see Fig 2.3, This is
in contrast to the usual fatigue strength behaviour of metals where the effect of
notches on fatigue strength is greatest in the high endurance range. The most
suitable method of illustrating notch sensitivity under cyclic load is by

plotting Bk against endurance, B, being the ratio: fatigue strength of the

k

unnotched to fatigue strength of the notched specimen. curves for notched

g
k
specimens with approximately the same a are shown in Fig 2.4. They show the

typical trend for metals (ductile aluminium alloy, 7075 - T6) and for stiff
fibre composite materials (CFC with realistic laminate structure)., Typical for

metals is the rise in the B, curve from value 1.0 at static strength (N = 100)

k
to a figure in the endurance strength range (N = 107) which is close to a

k




S o e e ks = e ST .

76

The composite material shows the reverse tendency: it falls trom a higher value
at static strength to 1.0 in the range of endurance strength. The static tensile
strength of metals is virtually the same in notched and unnotched condition

because of their ability to yield in highiy stressed areas.

In tibre composites the falling notch sensitivity with increasing number
of cycles to failure points to progressive neutralisation of the notch. This is
confirmed by the observed development of longitudinal cracks which run along the
fibres in the 0° layers at a tangent to the hole258’532’625’7]7’732, see also
section 4., The reduction in notch sensitivity can even lead to fractures outside
the hole cross-section of the specimens625.

Because of high notch sensitivity in the short-term strength range all
measures to improve the static strength of composites also lead to improvement
in fatigue strength; measures which have lead to improvement in static strength
of joints are quoted in section 1.2,3. Here clamping force and interference fit

of the fastener work out favourably545’547.

For a comparison of fatigue strength of fibre composites with that of
aluminium alloys normally used in aircraft construction it is suggested in
Ref 711 that the stress amplitudes (Pu = 50%) tolerated at N = 106 be related to
static strength. For aluminium alloys these proportional values are for
unnotched specimens 9, (N = 106)/0B = 0.15 to 0.2 and for notched specimens 0,1
to 0.1571]. In contrast the corresponding values for CFC with realistic laminate
structure are 0.4 to 0.5. In this respect fatigue strength of fibre composites

with realistic laminate structure is better than that of the aluminium alloys

used in aircraft construction.

The facts described above do not apply to bonded joints. The decisive
factor here is that in bonded joints the adhesive and the bond adhesive -
component prove to be the critical weak spots. In consequence the fatigue
strength of the bond (in contrast to bolted joints) is far below the strength of
the unnotched fibre composite component. Tests with spliced bonded joints of
CFC with an aluminium alloy7]6 under fluctuating tensile stress show a greater

drop in fatigue strength as compared with static strength, see Fig 2,5.

2,2.3 Deformation behaviour under cyclic stress

Cyclic stress causes a drop in stiffness in fibre composites with a plastic

matrix. With an increasing number of load cycles in single-stage loads or with

increasing number of flights in flight-by-flight loads (see next section)

Shue L1
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deformations increase during cyclic stress which corresponds to a drop in the
secant modulus. This change in the deformation behaviour during and as a conse-
quence of cyclic stress of fibre composites has been observed fre-

quentlylél,184,202,205,218,224,530,625,717,729,732'

Thus there is a clear connection between falling cyclic strength and pro-
gressive damage of fibre composites. It has been noted, for example, that the
development of longitudinal cracks in notched specimens of fibre composites

increases the drop in stiffness732’794,

Results of other tests indicate that the increase in deformation of the
fibre composite measured during or after cyclic stressing is always accompanied

141’206’4]5’732. In this connection it was observed in Ref 732, that

by damage
with the occurrence of delamination, deformation increased sharply at the end
of the life. The increase in deformation and corresponding drop in stiffness
are generally at their maximum at the beginning and end of the life span785.
The accompanying damage processes are presumably different. While the increase
in deformation at the end of life is probably connected with delamination, at
the beginning of cyclic stress it is presumably caused predominantly by the
appearance of cracks which run parallel to the fibres in the individual layers
relatively early in life, see section 4. The connection described between
development of damage and increase in deformation applies both to unnotched

and notched specimens with holes. At the same time the drop in stiffness of
notched specimens is generally greater than that of unnotched specimens, which

can be explained by the additional damage at the notch, see section 4.

In jointed specimens the increases in deformation on load transfer by the
fastener can be considerably greater than in notched and unnotched specimens;
moreover the greater increase in deformation in single-shear joints is more
critical than in double-shear, since it occurs earlier as a comparison in
Fig 2.6 shows. Local bearing stress is the cause of the increase in deformation
in joints. The alternating bearing stresses lead to major bulges in the holes
due to damage on the stressed hole wall, The X-ray picture in Fig 2.7 gives an
indication of the type and intensity of this damage in the composite. The
clearly visible faults such as matrix cracks parallel to the fibres and delamina-
tions emanate almost excl-sively from the stressed hole wall, Development of the
faults caused by bearing stress can presumably be delayed by interference fit of

the fastener and by clamping force generatea between bolt head and nut.




78

Major expansions in the hole in the joint lead to major displacements
between the connected components and may result in the structure being unfit for
operation because of excessive deformation. The drop in stiffness of the compo-
site alters the damping behaviour of the structure and has an adverse effect
on its stability. For this reason the changes mentioned in deformation and
stiffness with increasing stress cycles must be taken into account in the design,
especially where the structure is designed for stiffness and stability, Further
the loss in stiffness should be borne in mind in respect of the aeroelastic
behaviour of the structure. Woehler lines for constant drop in stiffness or

constant increase in deformation can be used as relevant data, see section 7.

2.2.4 Effect of flight-by-flight loading

Section 2.1 referred to the importance of fatigue strength tests under

variable amplitude loading typical of service,

In Refs 113, 162, 517, 532, 613, 614, 668 and 785 tests were carried out
with flight-by~flight loading simulating the load sequence on the wing skin of
fighter aircraft. In these the effect of flight-by-flight loading on residual
strength was the main feature tested, see section 3, Within the life span to be
demonstrated in the test no fractures occurred at the design levels when the
investigation concerned the lower wing skin, which is critical in metal construc-

113,162,517

tion methods , and where stresses are predominantly in the tensile

range, See section 7.

As anticipated, flight-by-flight loading on the upper wing skin with
stresses well into the compressive range proved to be more damaging532’785.
Nevertheless fatigue strength of the unnotched and notched CFC tested in
Refs 532 and 785 under flight-by-flight loading is still adequate for the upper
wing skin if at a life span of approximately 5 . 104 flights the usual static
safety factor of 1.5 is demanded, see Fig 2.8. As to how far this applies to

other components as well depends inter alia on the content of the load spectrum,

An extreme example is single-stage loading and a spectrum with maximum
ervelope (rectangle). Assume the case that a component is subjected to a purely
alternating load (R = —-1) with constant amplitude and that only one load cycle
occurs per flight., On this assumption the Woehler line for R = -1 as in

Fig 2.3 only covers approximately 2 . 10® flights at a stress level representing

a static safety factor of 1.5; this is normaily inadequate as evidence of fatigue
life,

svn7 Il
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Flight-by-flight loading leads to a smaller drop in fatigue strength in
joint specimens as compared to static strength than might have been expected
after the results of single-stage tests. Particularly for joint specimens,

however, premature increase in deformation during cyclic stress is to be

expected in flight-by-flight loading794.

2.2.5 Effect of laminate structure and fibre material

According to observation of damage (see section 4) all damage in composites
starts either in the matrix or in the fibre/matrix bond ('interface'), Ze these
areas of the composite are critical. Fatigue tests on carbon, boron, glass
fibre uni-directional composites produce virtually no drop in fatigue strength
as compared with static strength49’728. Thus the fatigue strength of a composite
depends on the stresses in the matrix and the 'interface'. These are particu-
larly heavy if inter- and intralaminar shear stresses as well as normal stresses
perpendicular to the fibre occur, which for their part depend on the type of

external loading (axial, bending, shear), orientation of the fibres and arrange-

ment of the layers in the composite (laminate structure).

If due to changes in the laminate structure all the above stresses are
increased for the same cyclic load, then faults in the matrix and/or 'interface'
occur earlier and to an increased extent., This is also indicated by an
increased drop in stiffness. Examples of this are tests in Ref 79 and investi-
gations in Ref 712 on CFC with OO, +45° and 90° layers; specimens of these

composites were tested with load in the 0° direction and also tested with load

. o .. . . .

in the 90" direction. The greater load on the matrix and the interface for the
90° load direction increased the rise in deformation considerably towards the
end of the life span and reduced fatigue strength in the entire load cycle

range by an approximately constant factor, see Fig 2.9,

The above interrelationships also explain the greater fatigue strength
sensitivity of GFC., Since glass fibres are far less rigid than carbon and boron
fibres, stresses on the matrix in the layers with fibres in the direction of
loading are great enough to cause a major drop in fatigue strength compared with
the static strength of GFC, for example, under varying tensile stress. The

comparison of Woehler lines for uni-directional CFC and GFC and a CFC/GFC hybrid

in Fig 2.10 with constant stress ratio R = 0.1 clearly shows the effect of

fibre stiffness describedSBO.
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It has been pointed out that the laminate structure can have a major
effect on fatigue strength and deformation benaviour under cyclic stress.
The test results available at present can therefore only be used for the design
of fibre composite components made of the particular composite examined. An
exclusively experimental determination of fatigue strength characteristics for
all customary composites does not appear to be justifiable in view of the large
number of tests which would be required. Other courses must therefore be taken.

One possibility would be to produce design data with specimens of simply

structured composites in which one only of the above critical loadings occurs.

The local stresses would then have to be calculated for the component
whose life was to be predicted. With these stress values the life span could be
predicted separately for the various types of failure, Thus the results of
fatigue tests would no longer be compared with the nominal stresses in the
critical cross—section of the component, but related to the local stress which
! initiates the damage. Generally applicable design data could be set up for such

a concept.

This procedure will of course encounter considerable difficulties, since
the failure of the component does not occur when the first damage develops;
the component remains serviceable until the fault or combination of faults has
reached a certain dimension. The calculation of the combined stressing for

interactive faults will present great difficulties.

2.2.6 Summary

To summarize, the following can be stated on the subjects mentioned:

Effect of mean stress and stress ratio:

- CFC is more sensitive to compression in cyclic loading than metals,

- the drop in fatigue strength as compared with static strength is greater
under alternating loads (-5 <R < =0.5) than under cyclic load in the
tensile range (-0.5 <R < 1,0) and cyclic load in the compressive range
(1.0 <R <=); fatigue strength is least covered by static design under

alternating load.

Effect of notches introduced by design

- stress concentrations reduce fatigue strength in the short-term strength -

range; their effect disappears at the higher endurances,

S%0C 11
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slope and curve of the Woehler lines for notched and joint specimens can
be estimated from static strength and endurance strength of unnotched

specimens of the same composite,

measures which improve the static strength of fibre composites with stress

concentrations dictated by the design also increase their fatigue strength,

a greater drop in fatigue strength as compared with static strength must

be expected in bonded joints than in bolted joints.

Deformation behaviour under cyclic stress:

during cyclic stress on angle ply composites with a plastic matrix

deformation increases and stiffness drops,

at the beginning and end (shortly before fatigue fracture) of stress

cycling the increases in deformation are greatest,

increase in deformation/loss of stiffness are caused by damage in the

matrix and the interface,

the increase in deformation is greater in specimens with holes than in

specimens with uninterrupted cross-section,

in joints with load transfer by bolts increases in deformation due to
bearing stresses are generally considerable, especially in single-shear

joints,

Effect of flight-by-flight loading:

multi-stage stresses with flight-by-flight load sequences lead to a drop
in fatigue strength compared with static strength in the life range of
interest only if a major proportion of load cycles lies in the compressive

range,

in flight-by-flight loading for the upper wing skin (predominantly in the
compressive range) it is to be anticipated that the drop in fatigue

strength as against static strength will be covered by the static design,

in joints flight-by-flight loading (as single-stage loading) can lead to

major increases in deformation.

Effect of laminate structure and fibre material:

changes in laminate structure which increase the stress in the matrix and

fibre/matrix bond reduce the fatigue strength of the composite,

ki
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- composites with fibres which are less stiff than carbon and boron fibres

are more sensitive to cyclic stress,

- the range of tests for the establishment of design data for angle ply
composites with realistic structures will depend on whether success is
achieved in deriving the fatigue strength behaviour of a composite from

the fatigue strength behaviour of the individual layers,

2.3 Effect of the enviromment on fatigue strength

2.,3.1 Environmental conditions

Environmental conditions such as temperature, humid air or liquids can be
of great significance to the strength properties of fibre composites with a
plastic matrix. The effect of these environmental conditions on fatigue

strength will be discussed in this section.

The effect of the following media is important in connection with the use

of fibre composites in aircraft:

Air with alternating moisture content
Fuel /kerosene

De-icing media

Water/rain

Hydraulic fluids

Methanol

Of these 'air with alternating moisture content’ is for aircraft the medium
which occurs most frequently and has the longest lasting effect. It is there-
fore the subject of most tests., In space flight equipment, however, the effect

of extremely low temperatures is prominent.

Most components are subject in operation to the combined effect of the
medium, temperature and mechanical loading, while a typical correlation of
mechanical loads and environmental changes occurs for much equipment. 1In air-
craft, for instance, during the ground-air-ground load cycle on the wing the
environmental change room temperature, high relative humidity = -55°C > room

temperature, at high relative humidity occurs,

J . . . e .. .
For economic safe design it must be possible to indicate the behaviour of
the fibre composite component under such operational conditions, For this tests

with environmental and load simulation are necessary.

ghn7 171
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Most of the tests performed on the effect of environmental exposure on

fatigue strength can be classified in the following groups:

(1) environmental exposure before repeated loading only (ageing),
(ii) environmental exposure during repeated loading only, and

(iii) environmental exposure before and during repeating loading.

Environmental conditions are either constant or they change, Ze in tempera-

ture and/or humidity.

2.3.2 Effect on fibre composites with extremely stiff fibres

.. . o .
Uni-directional 0  composites

When uni-direction composites are stressed parallel to the fibres in the
tensile range the effect of the environment on fatigue strength is generally

t3]6’5]6; for instance a drop in fatigue strength of 107 was noted only

sligh
after 1000 hours at 987 relative humidity and 50°C. In other environmental
conditions such as high test temperature or temperature and environmental cycles
before loading fatigue strength even increased very slightly. Fragments o’ the 0°
specimens showed increasing disintegration at higher temperatures, which points

to increasing failure of the matrix and reduction in shear load~carrying

capacity of the fibre/matrix bond; this is also indicated by many longitudinal
cracks and drawn out fibres on the fracture face. The drop in shear load carry-
ing~-capacity of uni-directional composites caused by environmental effects is
confirmed by investigations in Ref 144, Storage and bending stress on short-
term bending specimens in water reduced life to 507 and dropped stiffness
considerably, see Fig 2,11, The moisture absorbed led to great losses in
stiffness due to the high shear stresses in short-term bending specimens and
impairment of the matrix and fibre/matrix bond by the moisture, which showed

itself ia rapidly increasing flexure.

Multi-directional composites

In contrast to uni-direction Q° composites, the stress on the matrix and
the fibre/matrix bond is relatively high in multi-directional composites even
where the load direction is parallel to the fibres of the 0° layers. This is
the reason for the greater environmental effect on multi-directional composites
which increases with a falling proportion of 0° layers.

Of the various environmental conditions high temperatures during cyclic

313,516
>

loading have the most effect eg a drop in fatigue strength was found in




o

J, t450, 90° CFC of up to 20%5]6. Presumably the drop increases the nearer the

ey . . 517
test temperature approaches the glass equilibrium temperature of the re51n5 .

In environmental exposure before cyclic lcading (ageing) the drop in fatigue
strength found in Ref 516 was only half as much; other tests produced no, or

very little effect of ageing316’538’704.

In simulating practical environmental conditions, therefore, care should
be taken to see that high temperatures which occur in operation during cyclic
stress also occur in the test simultaneously with cyclic stressing. Simplified
simulation by heating before stressing would lead to results on the unsafe side.

The drop in fatigue strength due to the environment is however in general

316,712 than when it

greater when the cyclic stress has a compressive component
is exclusively in the tensile range. The reason is that the weakening of the
matrix and fibre/matrix bond caused by environmental stress are brought more into
play by compressive stresses. As shown by observations of damage in Ref 516,
this is especially the case when delamination occurs to an increased extent

(see section 4). There it was established inter alia that moisture absorption
promotes delamination and that ageing with moisture and temperature changes

leads to extensive delamination.

o . .
+45° composites under axial stress

+45° composites are considered separately from the other multi-directional
composites since the high intralaminar shear stresses severely tax the fibre/
matrix bond under axial loading. Correspondingly these composites react
strongly under axial loading to any weakening of the fibre/matrix bond. This is
also the reason for the reductions in life by factors of more than 10 estab-
lished after moisture absorption through ageing with temperature and humidity
cycles in Ref 369. This fracture mechanism is confirmed by fractographs in which
frequent debonding (failure of the fibre/matrix bond) on the fracture faces was
observed. The weakening of the fibre/matrix bond was probably caused by the

penetration of moisture. This is supported by the fact that when moisture

ssorption was inhibited by a surface coat of polyurethane paint there was no
“wtion in life under the same test conditions. The environmental stresses
“is - ase were environmental changes lasting 6 weeks before cyclic loading

rilated environmental conditions for a modern fighter aircraft mission.
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Adhesive bond

A stepped BFC - titanium 64 adhesive joint with one bolt per stage was
stressed with a flight-by-flight load sequence for the wing underside and a
superimposed temperature cycle per flight with real-time sequence (on average
0.225 Hz, test series A). In addition tests were performed with real-time
flight-by-flight stressing without temperature change (test series B) and tests
with higher test frequency (on average 3.7 Hz, test series C). For test series

A, B and C mentioned the mean life values were as

and the scatter of life as
1 1.2 1.7 .,

Thus the effect of frequency a